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NATIONAL AD'VISCERY C m  FOR AERONAUTICS 
I 

By Ronald B. Doyle 

An analysis  has been made t o  estimate  the perf'ormance of a 
nuclear-energy pcnrered turbojet engine and the optimum engine con- 
ditions and t o  determine the gross weight and the  lo&-carrying 
capacity of an airplane powered by such an engine. The analysis 
is f o r  a flight Mach  number of 0.9 and covers a range of engine 
operating  conditions and nuclew  reactor and reactor-shielding 
dimensions. 

For practical  shielding  thicknesses,  the opt3mum compressor 
pressure ratios w e r e  high ( in   the  vicini ty  of 40). The gross 
weight of the airplane  required  to carry  a disposable load of 
20,000 pounds w a s  found t o  vary from approximately 300,000 t o  
900,000 pounds, depending on the assumptions. For the  case of a 
reactor  tube-wall mean temperature of 2500O R, a turbine-fnlet 
temperature of 20000 R, a reactor  free-flow  8rea r a t i o  of 0.33, a 
reactor-shielding  specific  gravfty of 6.0, a reactor shieldfng 
thickness of 3 feet,  and an altitude of 30,000 feet ,  t 5e  airplane 
gross weight required t o  carry a 20,OOO-poUrd pay load wa8 found 
t o  be 545,000 pounds. 

INTRODUCTION 

Because of the  possibility of a nearly unlimited flight range 
inherent i n  the use of nuclear-powered aircraft ,   comideration is 
being given t o  vririous types of propulsion  system ut i l iz ing  a 
nuclearr reactor a8 an energy source. Some aspects of the appli- 
cation of nuclear energy t o  steam-turbine  parer  plants f o r  air- 
craft  a r e  reported in  reference 1. 

An analysis was made at the NACA Lewis laboratory of a 
nuclear-powered turbojet engine over a wide range of conditions. 

I- The results of this  investigation at a f l i gh t  Mach'number of 0.9 
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are presented  herein. The analysia covera a range af altitudes, 
reactor- tube-wall   tempratwee,   t~bine- inlet  temperatures, 
reactor  free-flaw-area ratios, compressor pressure  ratios, and 
air mass flows. The investigation is divided  into two parts : 
The first  phase of the investigation  considers the effects of 
various operating  con8itions on the engine performance, and the 

the uomplete airplane. Although detailed  reactor-design problems 
a r e  not conSi&ered, the analysis show13 the effect of several 
reactor-design  variables on the performance of the propuleion 
system and the aircreaft gross weight. 

Second oOMid8??6 the SO38 wight a3ld h3d-o&rrying capmity of 

Description of Power Plant 

A schematic diagram of the  turbojet engine, which is con- 
ventfonal  except that a nuclear  reactor is incorporated i n  place 
of the usual ccanbustors, is shown i n  figure 1. Cmpreseion of 
the air is aocolnpliahed i n  two phases with intercooling between 
the two axial-flm COIUpres603?8. T& pressure r a t i o  across  each 
of the ttro  campressors is taken  equal to the square root of the 
wer-al l  pressure r a t io .  The energy addition t o  the working fluld 
i a  accamplished through forced-convection  heat transfer frun the 
nuclear-energy-heated  passages of .the  reactor t o  the air rather 
than through  the combustion of air with fuel as in   the conventional 
turbojet engine. Frm the reactor,  the air passes through a 
turbine that d r i v e s  t he  compresaor8 and f ina l ly  expands through a 
nozzle iinto the atmosphere fn the oonventional mmner. The r a t i o  
of the diffuser pressure r i s e  to the ccanpressible d m c  pressure 
was assumed t o  be 0.9; the intercoaler  effectiveness, 50 percent; 
compressor emall-stage efficiemy, 88 percent; the adiabatic 
turbine  efficiency, 90 percent; a d  the velocity ooefficient of 
the exhaust  nozzle, 0.96. 

Range of Conditions Investigated 

Calculations of the performance of t h i s  s y s k ~  were made f o r  
five combinations of a l t i t u d e ,   r e a c t o r - t u b e d  temperatnre, 
turbine-inlet t e m p e r a t u r e ,  and reactor free-flaw-area r a t i o  for a 
flight Mach lnnnber of 0.9, for a mag@ of campreersor pressure 
ratioa frm 10 t o  50, and for various maes flare per unit reactor 
frontal  area. The followkg table lists the  five sete of' conditions 
investigated: 

L 
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at itude , Rector Turbine -inlet  Rector 
(ft) 

area r a t i o  ( W  
free-flow- temperature tube -w&u 

tempemture 
(OR) 

30,000 

2000 50 2500 50,000 
. 33 1700 2000 30,000 
.50 1700 2000 30,000 
. 33 2000 2500 30,000 

0.50 2000 2500 

I 
For  each of these  coditions  the  effects of v83PIou~ reactor dia- 
meters and shielding  thiclmesses on the airplane lad-carrying 
capaoity and airplane gross w e i g h t  were investigated. 

Method of Calculation 

mom the mmentum equation,  the net thrust  per slug per 
eecond of afr is 

The definitions of the symbols used  throughout this report w5th 
d the assumed efficienoies and coefficients are given in appendix A. 

Equation (B4) of appendix B, whioh is a form of equation (B4) frm 
reference 2, givee  the Jet velocity, when the effect of reheat due 
t o  turbine loss is neglected, as 

The magnitude of the error that is introduced by neglecting the 
effect of reheat depends 011 the tu rbd-exi t   ve loc i ty .  For the 
case where t he  turbineexit-velocity is equal t o  the jet velouify, 
no error is intrcduced by neglecting the turbine reheat effeot. 
If the  turbine-exit  velocity is zero,  the  Jet  velocities as caJ" 
culated herein  would be abaut 5 percent lower than those that x d d  
be obtained if tbe effeot of reheat were included in the  calculatfcm. 
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For a specified  altitude, f l i g h t  Mach number, cmpreseor 
pressure ra t io ,  and eet of turbojet component efficiencies (ed, d 

Eir qc, q+, and Cv), the Jet  velooity as given by equation (2) 
and hence the net  thrust  per  unit-masi is a function a y  of 
totd-temperature and total-pressure  ratios T ~ / T *  and p4/p7. 

E q u a t i o n  ( C I l )  of (appendix C )  give8 the  t e m p e r a t u r e  r a t i o  

" ." - 

The total - tapera . ture   ra t io  is thus a f'unction of the reactor- 
tube-wall t e m p e r a t u r e ,  the reactor-inlet t e m p e r a t m e ,  and an 
effective lengbh-to-diameter ra t io .  For most of the  calculations, 
the tube -w&U temperature, reactor-inlet  temperature, and the tmbine- 
inlet  temperature were specified and equation (3) wae used to 
calculate the effective.  length-to-diameter  ratio, which, as sub- 
sequently  described, was then used t o  determine the reactor preer- 
sure drop and the  actual length-to-diarneter r a t i o  of the reactor 
tubee. The effective  length-to-diameter ratio is defined by * 

equation (C8) (appendix C )  ae follows : 

From t h i s  equation, the effective  length-todiameter  ratio is seen 
t o  be a function of the tube Reynolds number, the  actual  length-to- 
diameter r a t l o  of the reactor tube8,. the r a t i o  of air demity 
evaluated at the t u b e - d l  temperature to  the  air   density  evaluated 
a t  the average air tempemtm, and the  ra t fo  of the specific k a t  
of a i r  evaluated a t  the tube- teqerature t o  the average 
specific  heat. 

The assumption of a .canstant  tube -wall temperature was made 
for  the pWpO8e of simplifying the ciiculatians -ad w o u l d  be d i f -  
f i c u l t  t o  obtain i n  an actual  reactor. This wall temperature may 
be considered. a mean effective wall temperature f o r  the  actual 
reactor and the maximum wall temperature of a reactor may be 
appreoiably greater t'aan t h i s  man effective wall temperature. The 
difference between the maxiwun wall temperature and the mean 
effective wall tcrslprature can be minimized by the use of neutron 
reflectors and by adjusting the distribution of fissionable material .1 

i n  the  reactor. This subject is not  investigated  herein. 
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Tlae pressure drop fram stat ion 4 to s ta t ion  7 (fig.  1) wa8 
divided into three parts, a pressure drop from the compressor 
outlet to the  reactor-tube inlet, a pressure drop through the 
reactor tubes, and a pressure drop from the reactor-tube outlet 
t o  the turbine in le t .  The pressure drops inunediately before 
(station 4 to 5) and after (station 6 to 7) the  reactor  tubes 
were assumed t o  be approximately  equal to I p$ as indicated by 
equatiom' (Cl2) and ((313) of appendix C. The pressure drop from 
stat ion 5 to 6 through the reaotor  tubes was determined by meam 
of the special  pressure-drop charts of reference 3. These cha,rts, 
which are set up for heat transfer to air at a constant wall t e m -  
perature, g e l d  a solution  for the pressure drop in  a tube when 
t h e  w a l l  temperature, the mass flow of a i r  per unit flow area, the  
effective-leng-kh-to-dhmeter ra t io ,  and the t o w  temperature and 
pressure a t  the tube inlet are specified. A complete descriptfon 
of the development and use of these charts is given in  reference 3. 

z 

The thrust per unit reactor frontal area is the product of 
the thrust per unit mass flow fram equation (1) and the  mass f l a r  
pzr unit reactor frontal area. Thus 

T=KT 
F F M  

The drag of the  engine'nacelle per unlt reactor frontal area frm 
equation (B22) in appendix B is 

The airplane groes weight per unit reactor f rontal  area 1s 

and the ratio of disposable load t o  gross weight fram equation (B27) 
of appendfx B is 

wa w 
8 

= 0.6 - 
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It waa assumed that  the reactor and shielding would f a l l  
within the frontal area of the compreesor or  could be  submerged 
i n  the w i w e  or  fuselage of the airplane. The C C I U ~ E ~ ~ ~  f rontal  
area was therefore used for calculating the nacelle drag and was 
determined from the air-flow requirements assuming a canstant axial 
Mach nlzmber and asming that the air  flow per square foot of cam- 
pressor frontal area was 2 5  pounds per second psr equare foot at 
sea-level  static  conditiom. Th i s  value is approximately the upper 
limit of the a i r  flow per unit of canpressor  frontal area handled 
by current  turbojet engines. 

The method of calculating  engine.weights (weight exclusive of 
reactor,  reactor  ehielding, and intercooler) conaidered the  e p o i f i c  
engine  weight (lb of engine/lb of air handled) to be a function of 
the compzeeeor preeaure ratio,  altitude, and f l i gh t  speed. The 
engine weights used in these coaorgutatiom are repreeentatfve of the 
lightest of m n t  turbodet  engines. Further diecuseim of the 
method of evaluating system weight is given in  appendix D. 

Engine Perf omxmce 

T h r u s t  per unit   reactor  frontal  area. - The variation of the 
thrust  per unit   reactor frontal area F/& with the effective 
length-to-diameter r a t i o  (t/d),ff of t& reactor paasages is 
shown in figure 2 f o r  varfous ms8 flm per unit  reactor frontal 
area M/Ar. These curves are for  an al t i tude of 30,000 feet ,  a 
reactor-tubeiKall temperature of 2500° R, a oompreesor pressure 
r a t i o  of 40, and a reactor  free-flaw-area  ratio of 0.50. 

For  constant i n l e t  conditiona to  the  reactor,  that is, 
constant f l i gh t  Mach  number, alt i tude,  cmpressor pressure 
ratio,  and tube-wall  temperature,  the  turbine-inlet (reactor- 
outlet)  temperature 18 a flmotion.only of effective length-to- 
diameter ratio, (See equation (3).) A male of turbine-inlet tem- 
perature has been included i n  figure 2. For a conatant  effective 
length-to-diamter r a t i o  and hence uonetant turbine-inlet temper- 
ature, the actual  length-toiliameter ratio of the reactor  tubes ie 
constant  within  about 10 percent for the range of mass flow per 
unit  reactor  frontal area ahawn. 

As effeotfve  length-to-diaraeter  ratio i e  imreaeed, the turbine- 
inlet tempemture increaeee with a consequent incRaee in  jet t h e t  
per  unit  reactor f rontal  area. At the same tim, however, the 
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pressure drop i n  the reactor  increases because of the increase in  
passage length-todiameter r a t i o  and eventually  offsets the effeot 
of increasing  turbine-inlet tenrgkmture so that the thruet begins 
to decrease. The point of maximum thnrst per  unit  reactor frontal 
area OOCUTS at progressively higher effective  length-to-diameter 
ratfos and turbine-Inlet tempemtures as the mass flow per unit  
reactor frontal area deoreases. The maximum points  for the ourves 
of mass flow per  unit  reactor f'rmtal area of 4.0 and 4.5 slugs 
per second per s q u e  foo t  0~0u.r at effective  length-to-diameter 
r a t i o s  correspomling t o  a tube-outlet Mach  number of 0.65. 

The calculations  for the remainder of the figures were made 
for  constant  turbine-idet  temperaturea of either 2000° or 1700° R. 
A cross plot  from figure 2 of thrust  per unit  reactor  frontal area 
F/+ against IIEMB flow permit reactor  frontal  area M/% at a 
turbine-inlet  temperature of 2000~ R is 6 h m  in figure 3 dang 
with similar curves for other  cmpressor pressure ra t ios  p4/pI. 

For a canetast compressor pressure ratio,  increasing t h e  m88s 
flow per uni t  reactor frontal area increases the jet  thrust because 
the  engine is handling more sir at the 6- conditions of t e m p e r a -  
ture and P S S U r e .  Ae the length-to-dlamter  ratio of the  reactor 
tubes i e  essentiall;g omstant (for a constant  turbine-inlet 
temperature), however, the  pressure drop a l s o  increases w i t h  mas8 - flow per  unit  reactor  frontal area and eventually causes the thrust 
per unit  area t o  decrease. 

a 

The maxlmLzm points of thrnst  per unit reactor  frontal area 
F/% at  each pressure r a t i o  are plotted agafvt ,campressor preseure 
r a t i o  P4/Pr in figure 4 together w5th s h i l a r  o w e s  for the  other 
condftions of altitude,  tube -w&u temperature, turbine-fnlet tempera- 
ture, and reactor free-flaw-area ratio  investigated in this a d y s i s .  

As the campres6or pressure  ratio is initially increased, the 
thrust  per unit reaotor frontal area  increases because the optimum 
values of mass flow per unit reactor  frontal azea are increasing, 
as indicated  in  figure 3. The thrust f i n d l y  decreases, however, 
with increasing compressor pressure r a t i o  because Ccp the  effects of 
the limiting turbine-inlet .t;emperature a l s o  found with the con- 
ventional turbojet engine. Maximum thrust per unit area appa r s  to 
occur at a campressor pressure ratio  sl ightly  higher than 50 f o r  
the conditions where the  tube-wdl t e m p e r a t u r e  2s 2500° R and the 
turbine-inlet temperature is 2O0O0 R ( f ig  . 4) The curves for a 
tube-& temperature of 2000' R and a turblne- idet  temperature of 

pessure   ra t io  of about 30. 
- 170O0 R have their maximum thrust per unit &rea at a ompressor 
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Reducing the  free-flow area r a t i o  f'ram 0.50 t o  0.33 a t  an 
al t i tude of 30,000 feet ,  a tube-wall temperature of 2500° X, a 
turbine-inlet  temperature of 2000° R, and a c m p e s o r  pree~nzre 
r a t i o  of 50 results in about a 35-prcent decrease in thrust  per 
unit   reactor frontal areaa A change i n  al t i tude from 30,000 t o  
50,000 feet causes a reduction  In thrust per unit reactor frontal 
area of abuut 53 percent. (Compare top curve of f ig .  4 with  solid 
curve ) 

The ma~rirmmr thrust fo r  the condition where the tube-& 
temprature is 2000° R, the  turbine-inlet  temperature is 1700' R 
and the free-flow area r a t i o  is  0.50 i a  approximately 58 percent 
lower than the maximum thrust for  the top c m e  (tube-wdl tern- 
perature, 250O0 X; turbine-inlet  temperature, 2000° X). Compari- 
son of the top curve with the dotted curve shorn the  cmbined 
effect of reducing the  free-flow area r a t i o  from 0.50 t o  0.33, t h e  
tube- temperature frcm 2500° t o  20000 R, and the turbine-inlet 
temperature from 2000° t o  1700° R. 

Thrust and net  thrust per uni t  engine frontal area. - The 
variation of tk thrwt and the net t b s t  (thrust less engine- 
nacelle drag) p r  unit  of engine frontal area, F/A, & * 

(F-Dn)/Ae, respectively, with ~ B S  flow per unit   reactor  frontal  
area M/& for  various compressor pressure ra t ios  P4/P1 is ehown 
i n  figure 5. The e a n e  frontal area is based on the  frontal area 
of the cosngreesor. The al t i tude is 30,000 feet ,   the tube-wall 
temperature, 2500' R, the  turbine-inlet  temperature, 20000 R, and 
the reactor free-flow-area  retio, 0.50. These curves also indicate 
the variation of thrust  per unit  maas flow because for a given 
f l i g h t  speed and alt i tude  the air =sa flow pr  uni t  engine frontel  
area is constant. 

As the mas& flow per unit reactor f rontal  area 1s inCrea8ed 
at a constant compressor pressure  ratio,  the  reactor  pressure drop 
increases with a consequent decrease in   th rus t  per unit  mass flow 
of a i r  and thrust per unit  engine frontal area. The slope of a 
lfne drawn from the origin i n  figure 3 t o  any point on a c m e  
gives the value of the  thrust  per unit ma88 flow, which fo r  a 
given  f l ight condition is proporticxlal t o  the thruet per  unit 
engfne frontal  area for that point. It is hence apparent frcan 
figure 3 that the thrust per  urdt ma88 flow and tbruet per unit 
engfne frcratal area decrease as mm flow per uni t  reactor  frcrntal 
area increases. For the range of cconpressor preeswe ratios 
Investigated,  the  thrust per unit  engine frontal  area decreasee 
wlth increasing compressor pressure ratio. Thie effect  is a 
reflection of the  decrease in thrust  per unl t  flow that occurs 
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beyond the optimum canpressor pressure r a t i o  for conventional 

unit engine frontal  area show the same trend and are lower by 
the amount of the conetant nacelle drag per  unit  engine frontal 
area 

. turbojet-engine  cycles. The dashed curves of net  thrust  per 
m 
(D 
N 
rt 

The net thrusts p r  unit  engine frontal area shown i n  fig- 
ure 5 may be scsmewhat hfgher  than those for a oonventional  turboJet 
engine beC€USe (F-Dn)/A, is based on the campressor frontal   area 

is used for  most turbodet-engine  calculations . cu rather  than on the slightly larger combuetor frontal  area, which 
6 

Specific thrust. - The vsriation of the  net  thrust  (thrust 
minus nacelle d r a g }  per unit of engine  weight plus reactor we1 ht 
(F-Dn)/(We+Wr) wi th  -6s flow per  unit  reaotor  frontal area .$A, 
for  a  reactor  length of 2 feet  and for various compressor preeElure 
rat ios  f o r  the  case of an  unshielded  reactor i s  sham i n  figure 6. 
Subsequent curves show the  specific  tlxmst  including va r i aus  ebmourrts 
of reactor-shielding  weight. 

For a  constant compressor pressure ratio, the thrust  per  unit 

manner a8 the  thrust  per u n i t  engine frontal  area because, as pre- 
viously mentioned, the engine  weight per unit  engine frontal  area 

being only a small percentage of the engine  weight) . 

a of engine weight plus reactor weight varies  in  nearly  the eane 

. is 8 constant  for each ~ c m t p r e ~ ~ ~ r  pressure r a t i o  (the reaotor weight 

The thrust  per unit engine weight decreaaes more rayidly with 
increasing  cmpreseor pressure r a t i o  than  the  tbrust per unit  engine 
frontal  area because of increasing  engine weight .per unit  engine 
frontal area. 

For a constant compressor pressure r a t i o ,  mass flaw per unit  
reactor frontal area, alt i tude,  tube-wall  temperature, and turblne- 
inlet  tempemtwe,  the  specific thxurt decreases w i t h  decreaeing 
free-flar-area ratio because of the  increasing  reactor pressure 
drop- 

The decrease in  specific  thrust  w5th decreaeed  tube-wall and 
turbine-inlet  temperature €6 due mainly t o  a decrease in   th rus t  
per unit mass flow of a i r  becauee of the reduced  temperature at t k  
nozzle in le t .  

Other  canditfons  being cwtant ,   the   spec i f ic  thrust decreases 
- as the  alt i tude iB increased from 30,000 t o  50,000 feet  because at 

the  higher  altitude  a  larger engine is required t o  handle a given 
amount  of .air .  



The variation of t h e  net t h a t  per uni t  of power-plant 
W e i g h t  (F-Dn)/(We+Wr+Wsh) wi th  mass flow per unit   resctor 

specified values of shielding weight per uni t  of reactor  frontal 
area Wsh/& is shown in flgure 7. 

-frontal m a  M/Ar for  various compressor pressure ra t ioe and 

For 8 ‘constant compressor pressure r a t i o  and shielding weight 
per unit reactor  frontal  area, t h e  specific thrust increases t o  a 
maximum value and then decreases as t h e  mass flow per unit  reactor 
fron.t;al area increases. TkLe large  constant  value of shielding 
weight per unit   reactor frontal area along each of the  curvea i n  
figure 7 tends t o  minimize the  effect  of the Increasing system 
weight and accents the effeot of t he  increasing thrust per unit  
reactor  frontal  area. As M/+ continues t o  increase, however, 
the  increasing engine weight  eventually becomes of sufficient 
importance t o  cause the specific  thrust  to  decrease. 

In figure 8 the maximum points frm figure 7 and from similar 
p l o t s  f o r  the other four general  conditions &re plotted against 
coqpressor pressure r a t i o  P&1 f o r  various  shielding  weighte per 

of a system with a bme reactor  (zero  shielding  weight) was observe& 
to decrease with increased ocanpresaor pressure rettio, for the range 
investigated, because of an increase i n  engine weight that offset  
the  effect  of increasing net thrust. Beoesuse shielding the reactor, 
however, tends t o  leesen the importance of the increasing  engine 
WeLght (that is, the peroentage  inorease in  t o t a l  system weight i e  
less i n   t h i e  caae), there is an initial increase  in specific thrust  
w i t h  increasing compressor pressure ra t io .  Eventually, however, 
the engine weight inoreases at a sufficiently rapid rate -bo Cause 
the  specific t ” t  t o  decrease with increasing compressor pressure 
ratio . 

unit  reactor frOntd. -8 wsh/&. I n  f igUre 6, t h e  Specific tk i rUSt  

The compressor pressure r a t i o  for maximum specific  thrust  
incremes as the shielding weight per unit reaqtor frontal area, 
and tube-wall and turbine-inlet temperatures increase (fig.  8 )  . 
The compressor pressure  ratio for maximam specifio thrust varies 
a l so  w i t h  d t i t u d e  and reactor free-flaw-area mt io .  For a tube - 
w a l l  tempemfxge of 2500° R m d  a turbine-inlet. temperature of 
2000° R (ffgs. 8 ( a ) ,  8(b), and 8(e)) ,  the compressor pressure r a t io  
for maximum specific .thrust variee f r o m  below 10 for the unshielded 
case (see f ig .  6) t o  about 35 at a shielding weight per unit   reactor 
frontal area of 10,000 pounds per square foot end t o  about 48 at  a 
shielding weight per  unit  reactor frontal area of 50,000 pmnds per 
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square foot . For .a tubeiwall temperature of 200O0 R and a turbine- 
in le t  temperature of 170O0 R (figs. 8 ( c )  and 8(d)),  optimum  com- 
pressor pssure r a t i o  vazies *can abaut 20 at a shfelding weight 
per reactor frontal &a of 10,000 pounds per square foo t  t o  about 
25 at a shielding weight per reactor frontal  area of 50,000  pounds 
per  square  foot. 

The previously mentioned effects of varying altitude, tube- 
wall and turbine-inlet  temperature, and reactor  free-flow-area 
r a t io  that were mntioned in the  discussion of figure 6 also apply 
t o  figure 8. 

The shielding weight per unit   reactor  frontal  area, which was 
included as a prameter  in  f igure 8, is f o r  a cylindrical  reaotor a 
function Of the s h i e l d i n g   t h i c b s s ,  the reactor diameter,  the 
reactor  length, and the  apecific  gravity of the shielding material. 
Figure 9 shows for 8 cylindrical  reactor  the  variation of the 
shielding weight per uni t  reqctor  frontal ares W e d &  with  shield- 
ing  thickness  tsh f o r  various  reactor  diameters d, and lengths 
2 and fo r  a specific  gravity of the shielding  material of 6.0. The 
calculation6 for the shieldhig weights shown i n  figure 9 a d  sub- 
sequent figures are based on a simple configuration of & constant 
shieldingthickness araund a cylindrical  reaotor and do not  take 
into account the weight of the *shielding around the air ducts to 
and from the  reactor. The weight of shielding  necessary  for t h i s  
additional  shielding would largely depend on the ducting a.rrange- 
ment. For a cylindrical  reactor 4 feet  in diameter and 4 f ee t  long 
and a shielding thiclmess of 3 feet, one preliminary ducting layout 
and weight analysis  indicated that, f o r  a duct  flow  area  equal t o  
the  reactor flow area, the  ducted  ehielding would  weigh about 
25 percent more than  the simple shielding asrangement assumed i n  
th i s  analysis. This percentage  increase i n  weight w o u l d  be eqec ted  
t o  vary s c m w h a t  with reactor and shielding dimensions. 

The shleldfng weight per unit   reactor frontal m a  increases 
with  increasing  shielding  thiclmess and reactor  length. For 8. con- 
stant  shielding  thickness and reactor  length, however, the  shielding 
veight per reactor frontal &rea Becreases with increasing  reactor 
diameter because that portion of the  shielding weight armd the 
circumference of the reactor  increases  approximately a s  t h e   f i r a t  
power of the reactor-diameter, whereas the reactor  frontal area 
increases as the diameter  squared. Because consideratima of 
econcgny of fissionable material have an important bearing on the 
ohoice of the  reactor  proportiom, no attempt i s  made herein t o  
indicate opt- proportione. Other coolant-passage  arrangements 
may make possible s e  reduction in  shielding weight for a given 
rate of reactor power autput. 
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Airplane Gross Weight and Load-Carrying Capacity 

Dispoeable-load-to-Fp.oss-we~t?t ra t io .  - Figure 10 shows the 
variation of the   ra t io  of Bispoeable load to   a i rplane 88 weight 
Wd/Wg with ma88 flow per unit   reactor  frontal   are^ ME for 
various compressor pressure  ratios P&I, reactor  diameters %, 
and reactor  lengths 2 and f o r  a shielding  thicknese of 2 feet .  
These curves are f o r  an al t i tude of 30,000 feet, a tube-wall t e m -  
perature o f .  2500' R, a turbine-inlet temperature of  20000 R, a 
reactor  free-flow-area  ratio of  0.50, a shielding  specific  gravity 
of 6.0, a d  a lift-drag r a t i o  of the airplane without nacelles of 18. 

For a constant  reactor  diameter and length, the  r a t i o  of dis- 
posable load t o  gross weight has a maximum value  with  both flow per 
unit reactor  frontal  area and compressor pressure ra t io   j u s t  as  the 
specific-thrust  curves of figure 7 because r a t i o  of disposable load 
t o  gross weight is a function only of the  specific  thrust   for a 
constant lift-Brag r a t i o  of the  airplane, as indicated by 
equation (8) . 

N 
P 

0-2 
u1 

For a constant compressor pressure  ratio, mass flow per uni t  
reactor frontal area, and reactor length, increasing the reactor 
aiameter results i n  an increase  in the r a t i o  of dispoable  load t o  
gross weight  because, as indicated  in t h e  discussion of figure 9, 
an inoreaee i n  reactor diameter results i n  a decrease in the  ehield- 
ing weight per uni t  reactor frontal area, whereas the  thrust 
increases i n  direct   proportion  to  the  reactor frontal area or t o  the 
square of the  reactor  diameter. For example : f o r  a constant 
reactor length of 2 feet,  increasing the reactor  diameter from 2 t o  
4 feet  increases  the  reactor  frontal area, the air  flow, the  thrust, 
and the engine  weight by a factor of 4. For a constant  shielding 
thickness of 2 feet ,  however, this  inorease  in  diameter  inoreases 
the shielding weight by a faotor of only 1.8 so that a larger per- 
centage of the airplane gross weight  can be carried as disposable 
load. 

? 

I 

Comparison of the  top three familiee of curves i n  figure 10 
shows t he  effect  of varying  reactor length with a constant  reactor 
diameter. AB the  reactor  length  imreasee, the r a t i o  of disposable 
load t o  gross weight deoresees beoause of a d€rect  fnorease  in  the 
shielding weight. The minimum length reactor that c d d  be used 
with t h i s  power plant is determined by nuclear  consideratione  or by 
the minimum reactor-passage dianaeter that is practical, becauee for 
a given turbine-inlet temperature, compressor preseure ra t io ,  and, 
tube  Remolds number, the  length-todiameter r a t i o  of the reactor 
passages is constant.  Calculations  indicate that fo r  the conditions 
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Of figure 10 and for the range of mass flow per unit reactor  frontal 

varies from 0.18 t o  0.21 inch f o r  a reactor  length of 2 feet ,  from 
* etrea and cmgressor pressure r a t i o s  investigated,  the  tube  di-ter 

n 0.26 t o  0.30 inch for a reactor length of 3 feet, and from 0.34 t o  
U 0.38 inoh f o r  a reactor  length of 4 feet .  It is again emphasized 
-I that these  cmcluaiona apply for   the s3mple reactor flow-passage 
0 

arrangement asanmed in the analysis. 

The changes i n   r a t i o  of disposable load t o  gross wefght shown 
in  f igure 10 are accmpaniea by variations in  the  airplane gross 
might  because the groes might  is a function of the  net  thrust and 
hence m8ss flaw per unit  reactor frontal a.rea,compreseor  pres=@ 
ra t io ,  and reaotor  diameter. The gross weight is independent of the  
reactor  length  for  the assumptione of the  present  analyeis. A plot 
of the @?OS6 mights,  corresponding t o   t h e   d i ~ p s a b l e - 1 o a d - t o - g ~ ~ -  
weight r a t i o s  Wa/Wg of figure 10, against mass flow per unit 
reactor  frontal area M/+ is sham i n  figure 11. The correspond- 
ing ranges of values of r a t io  of disposable  load t o  gross weight 
f o r  a reactor  length of 2 feet are also  presented.  For a 
constant  reactor  diameter, the variation in g r m s  weight shown by 
these  curves is a direct result of the  variation of net t h a t  per 
unit reaotor  frontal area. For 8 given mss flow per unit  reactor 
frontal area and ccmpreseor pressure ratio,  the  net  thrust and 
hence the gross weight are direct ly   praport ianal   to   the square of 
the  reactor  diameter. 

The maximum values of disposable-load-to-gross-weight r a t io  
Wdfig (at optinam  compressor pressure ratio and mass flaw per uni t  
reactor frmtal area) from figure 10 and from similar plots for   the 
other conditions are plotted againet  the corresponding gross weigkrts 
Wg in figure 12 . In  addftion t o  the five  general  conditions  for 
which m e s  are presented  throughout t h i s  report, figure 12 includes 
curves for  a set of.condit3.m at an d t i t u d e  of 70,000 feet ,  a tube- 
wall temperature of 2500° R, a turbine-inlet  temperature of 2000° R, 
and a reactor free-flow-area ra t io  of 0.50 (fig.  12(f) ) . 

The curves are   for  a reactor  length of 2 feet ,  a specific 
gravfty of the  shielding  material of 6.0, and a liftdrag ra t io  of 
the  airplane  without  naceUea of 18. A l i ne   fo r  a constant  dis- 
posable load of 20,000 pounds is a l s o  shown. Similar lines fo r  
other d u e s  of dfsposable load can readi ly  be plotted on this figure. 
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As previously mentioned i n  t h e  discussion of figure8 10 
and 11, increasing the reactor  diameter with a conetant  shielding 
thickness  results  in  an  increase  in  ratio of disposable load t o  
gross weight and in  the  airplane gross weight.  For a constant 
reactor diameter, increasing the shielding  thickness  decreases 
t h e  r a t i o  of disposable load t o  gross weight and increaaee the 
gross weight. 

For an al t i tude of 30,000 feet ,  8 tube-wall  temperature of 
2500° R, a turbfne-inlet temperature of 2000° R, a reactor  free- 
flow area r a t i o  of 0.50, a disposable load of 20,000 pounds, and 
shielding  thickness of 3.5 feet ,  the required  airplane gross weight 
would be about 680,000 paurds ( f ig .   l2 (a) ) .  For the s a m  comiitims 
and a shielding  thickness of 3 feet ,  an airplane weighing about 
450,000 pounds would be required. 

Inspection of figure 12 (f ), which ie fo r  an al t i tude of 
70,000 feet,  indicates that f o r  the range of shielding  thicknesses 
and reactor  diameters  inve~tigated  the  values of t he  r a t io  of die- 
posable load t o  gross weight are for  the most part negative. When 
t h i s  r a t io  is negative,  the airplane will not fly at the specified 
conditions. For example, f o r  r eac to r   " t e r s  up t o  10 feet  the 
airplane w i l l  not f l y  u i th  1.5 feet of reactor  shielding. For a 
reactor  diameter of 10 feet a d  a shielalng thickness of about 
1.25 feet   an airplane weighing  about 475,000 pounds xi11 f l y  but 
can carry no disposable load. If the  airplane is t o  carry a I 

disposable  load of 20,000 pounds  and the  reactor  diameter is t o  be 
10 feet,  the maximum shielding  thicknees that can be allowed 1s. 
about 1.1 feet  and the  airplane gross weight would  be 355,000 patnds. 
More favorable  assumptions fo r  ei ther  the engine or  the airplane 
would increase the disposable-load-to-gsoss-weight ra t ios  or fo r  a 
fixed  disposable load w o u l d  deoreaae the  airplane g r o s s  weighter 
required. For example, the assumption that t h e  structura3. weight 
of the  airplane waa 30 percent of the  airplane gross weight, rather 
than  the value of 40 percent  used i n  this i t d y e i s ,  would ra ise  all 
the  cwves of figure 12 by 0.1 on t h e  Wd/Wg scale.  Further  cornpi- 
son of figures =(a) t o  U(e) w i l l  be made in a subsequent table. 

?. 

.~ . 

As previously mentioned, the  shielding  weights and the shielding 
thickness as calculated  herein  do  not  include  the  shielding around 
the air ducting t o  and from t h e  reactor s o  that the  disposable-load- 
to-grosswight   ra t ios  and the  required  airplane gross weights shown 
here are samewhat  optimistio  for  the  ehielding  thicknesses  given. 
The previously  laentimed 25-percent incmaee in  shielding weight that 
ie necessary t o  allow for  the duct  ahielding is  equivalent t o  a 13- 
t o  15-pemerrt increase in  shieldhg  thickness f o r  thicknesses of c 
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abaut 3 feet .  The additional shielding  thickness  required f o r  
ducting can thus be taken  into  consideration  in  the  curves of 
figure 12 f o r  shielding  thfckneises of about 3 fee t  by increasing 
the  values shown by 10 t o  15 percent. 

A considerable  decrease i n  required airplane WOBS weight  can 
be realized  if   equal  shielding  abil i ty can be  obtained by reducing 
the  shielding  thickness and increasing  the  specific  gravity of the 
sh ie ld ing   mter ia l  t o  maintain a constant  product of the two 
quantities. The following  table shows, fo r  a disposable  load of 
20,000 pounds and for the conditions of figure 12 (a), t he  decrease 
i n  airplane gross weight that can be realized by reducing  the 
shielding thickness and maintaining the product of specific  gravity 
and shielding  thiokness  constant at 18: 

Specific gravi ty  of Airplane Reactor Shielding 

(lbs 1 (ft) ( f t  1 
shielding materTal gross weight diameter  thickness 

6 450,000 2.7 3.0 
9 

180,000 1.9 1.5 12 
260,000 2.2 2 .o 

Any reduotion in  shielding weight +hat results f r c a n  improvement 
in  shielding methods w i l l  make the  application of the nuc1ear;energy 
power plant more feasible  than shown in t h i s  analysis. 

The selection of value8 of turbine-inlet  temperature  used i n  
this  analysis were based on the  material  limitations  in  the  turbine. 
Somewhat lower required airplane gross weights than  those shown i n  
figure 12 could  be  obtained if the d o u l a t i o n e  were made f o r  the 
optimum turbine-inlet  temperatures. 

Optimum compressor pressure  ratio. - The compressor pressure 
r a t io s  P& for lnaximum r a t i o  of dispoeable load. t o  gross weight 
Wd/Wg corresponding t o  the values of the r a t i o  of disposable load 
t o  gross weight in   f igure 12 are plot ted  in  figure 13 against  the 
reactor-shielding  thickness tsh fo r  the various reactor diameters 
and f o r  the f i v e  general  conditions  investigated. I n  each  case,  the 
optimum com>ressor pressure ratio  increases  with  increasing  shielding 
thickness and decreaeing reactor diameter. The optimum  cceKpreesor 
pressure  ratio  decreases with a decrease i n  tube-wall and turbine- 
inlet temperature. 
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Reactor  output. - Tne reactor  outputs &r corresponding t o  
the curves of r a t i o  of disposable load t o  woes weight i n   f i g -  
ure 12 are shown plotted.  against the reactor-shielding  thickness 
tsh for various reactor  diameters  in figure 14. The reactor out- 
put  increases with both  shieldlng  thidmess and reactor  diameter 
f o r  all the conditions  investigated. 

The following table  gives  the  required airplane gross weights 
and reactor diameters along w i t h  the corresponding optfmum con- 
pressor pressure ratioe, e x i n e  t-tg, and reactor  output8 ae 
obtained from figures 12 to 14 for varioua operating conditona and 

30,000 
30,000 
30,000 
30,000 
50,000 
30,000 
30,003 
30, OOO 
30,000 

2500 
2500 
2000 
2 000 
2 5CU 
2 500 
2 500 
ZOO0 
2000 

2000 
2000 
1700 
1700 

2000 
2000 
1700 
1700 

2 aoo 

0.50 
.33 
.50 
.33 
.50 
.50 
.33 
.50 
.33 

2.5 
2.5 
2.5 
2.5 
2.5 
3 .O 
3.0 
3 .O 
3.0 

2.2 
3 .O 
4.0 
5.7 
5.2 
2.7 
3.8 
5.1 
7.6 

'Specific gravity of shielding, 6.0. 

'Reactor length, 2 .O ft. 

16,500 
19,500 
23,300 
32,800 
38,200 
2 6,900 
32,500 

56,700 
39,600 

91,000 
106,000 
130,000 
185,000 
208,000 
140,000 

260,000 
180,000 

375,000 

275,000 

375,000 
530,000 
650,000 
450,000 
545,000 
640, OOO 
915,000 

325,000 V 

I . . -  

Comparison of t h e   f i r s t  line of the table w i t h  each  succeeding l ine  
shows in  turn,  the effect  on airplane gross weight and the reactor 
output of chargee i n  (a) free-flow-area ratio,  (b) tube-wall and 
turbine-inlet  temperature, (c) tube-wall  temperature,  turbine-inlet 
temperature, and free-flow area ratio,  and (a) al t i tude.  For a 
fixed  disposable load 8 reduction in tube-wall  temperature , turbine- 
i n l e t  temperature, or free-flow area rat io ,  - or  an  increase  in alti- 
tude increased the required airgime gross weight, the  reactor out" , 
put, and the engine thru8t. . 

. .. "_ 
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Maximum allowable shielding  thickness  for a fixed disposable 
l-gaa. - The variation of the maximum allowable shieldFng thiclazess 
with airplane gross weight Wg f o r  various  reactor  diameters and afr- 
plane lift-drag ratios  ( l if t-drag rat ios  without  nacelles) and a dis- 
posable load of 20,000 pounds is shown in figure 15. The mass flow 
per unit reactor frontal area and the compre8sor pressure r a t i o  are 
the optimum values f o r  ma- shielding  thichness with mfnimum air- 
plane gross weight. The curves a re   for   an   a l t i tude  of 30,000 feet, 
a tube-wall  temperature af 250O0 R; a turbine-inlet  temperature 
of 2000° R, a reaotor  free-flaw-area r a t i o  czf 0.50, a specffio gravity 
of shielding  mter ia l  of 6.0, and a reaotor  length of 2 feet .  

- 

For a constant lfft-drag rat io ,  the allarable shielding thick- 
ness increases at a dimlnishin@; rate as the gross weight of the 
airplane and the corresponding reactm diameter increase. For a 
reactor d i e t e r  of 3 feet, an airplane with a lif’t-drag r a t i o  of 
18 can carqy 3.2 feet of reactor shielding along  xfth the dispos- 
able load of 20,000 pounds, and the @;roes weight w o u l d  be about 
510,000 pounds. Inoreasing  the  reactor  diameter t o  4 feet  increases 
the allowable shielding thiclmess to abaut 3.9 feet and the gross 
welght t o  900,000 -paurnis. A decrease in the lift-drag r a t i o  from 
20 t o  14 for  the 3-foot  diameter  reactor  reduces the allowable 
shielding  thickness frm 3.4 t o  2.7 fee t  and the grose weight f r o m  
560,000 t o  400,000 pounds. 

The results of c d c u l a t i a n e   a n t h e   p e r f o m c e  of a molear  
turboJet-powered  aiyplane may be suamrized as follare:  

1. The campressor pressure r a t i o   f o r  maximum specific  thrust 
and maxinmm ra t io  of disposable load to airplane gross weight (a 
mzasure of load-carrying oapo i ty  of the airplane)  increased as 
the  shielding weight o r  turbine-inlet  temperature  increased. The 
optixm compressor pressure r a t i o  also varied with al t i tude and 
reactor  free-fluw-area  ratio. For each  compressor pressure ratio, 
there was a corresponding optiumu msss flow per unit  reaotor  frontal 
area, which was determined by the pressure drop in  the reactor 
passages. 

2 .  A reduction i n  tube-d temperature,  turbine-inlet 
tenperatme,  or  free-flow-area  ratio,  or an inorease in   a l t i t ude  
deoreased  the r a t io  of disposable load t o  gross weight  or, for a 
fixed disposable load, inoreased the required  airplane gross weigkb. 
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3. For eb oowtant  shielding  thickness and reaotor length, 
inoreas€- the reactor d i e t e r  increased the disposable-load- 
to-gross-weight r a t i o  and the gross weight. For a constant 
reactor diameter, &n inorease in  shielding  thickness  or  reactor 
length reeulted  in a Uecrease i n  disposab le - load- to -g~s -~ ight  
ra t io .  

4. The following table gives  the required airplane groas 
weights ad. reaotor diameters, along with the corresponding 
optinnun oampresaor preeraure ratios, engine thrust, and. reactor 
outputa for v a r i m s  operating conditions and for & disposable 
load of, 20,000 pounds : 

-"l-- 

d 
* *  s-  
clk 

3- 
~ 

30, OOO 
30,000 
30,003 
30, OOO 

30,000 
30,000 
30,000 
30,000 

50,000 

2500 
2500 
2000 
2000 
2500 
2 500 
2500 
2000 
2000 

2 000 
2000 
1700 
1700 
2000 
2000 
2000 
1700 
1700 

0.50 

3.0 .33 
3 .O .50 
3.0 .33 
3.0 .50 
2.5 .50 
2.5 .33 
2.5 .50 
2.5 .33 
2.5 2.2 

3 .O 
4 .O 
5.7 
5.2 
2.7 
3.8 
5.1 
7.6 

39 
39 
24 
22 
35 
40 
40 
24 
23 

16,500 
19,500 

32,800 
38,200 
2 6,900 
32,500 

56,700 

23,300 

39,600 

'Specific gravity of shielding, 6.0. 
'Reactor length, 2 .O f't. 

Lewis plight Propulsion Laboratow, 
mational ABvieory Ccsmnittee for Aeronautioe, 

Cleveland, Ohio, July 7 ,  1949. 

91,000 

130,000 

~~ 

106,000 

185,000 
208,000 
140,000 

260,000 
375,000 

180,000 

275,000 
325,000 
375,000 

650,003 
450,000 
545,000 
640,000 
915, OOO 

530, w 

. .  

.. . . 
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Af 
4. 
CD 
CV 

CP,b 

C 
P,W 

Dn 
d 

a, 
F 

f 

B 

h 

. 
hPC 

AP-n A 

SYMBOLS 

The folloaing symbols are used in t h i s  r e p o r t s  

turboget  engine frontal area, sq ft 

reactor-tube (flow) area, sp ft 

reactor frontal area, sq f’t 

drag coefficient of enghe nacelle (asewnea to be 0.09) 

velocity  coefficient of discharge  nozzle ( a s e w d  to be I 

0.96) 

specifio  heat at oons tan t  pressure of air in reactor 

BtU/(lb)/(W 
tubes evaluated  at average air t e m y e x a t u r e ,  

specific  heat at omstant pressure of air in compressor, 
Btu/(lb)/(OF) (average d u e  of 0.2436 used) 

epecific  heat at constant pressure of air in turbine, 
Btu/(lb)/(oF> (average  value of 0 . 2 W  used) 

specific  heat at constant pressure of air i n  resotor 
tubes evaluated at tube-& tempera.%ure, 
Btu/(lb)/(W 

profile drag of engine naoelle, lb 

diameter of reactor  ttzbes, ft 

diameter of reactor, ft 

thrust  of  turbojet  engine, lb 

reactor  free-fluw-axea  ratio, 

acceleration due to gravity, 32.2 =/am2 

coefficient of heat  transfer,  BtK/(SeC)(Sq ft)(-) 

colapressor power, hp 
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hpt 

J mechanical equivalent of heat, 778 f t - Ib/Btu 

turbine power, hp 

ks 

L/D 1ift"g r a t i o  of airglane  without  nacelles 

thermal  conductivity of air in reactor  tubes  evaluated 
at tube-wall temperature, Btu/(sec) (ft) (9) 

2 length of reactor o r  reactor  tubes, rt 

(t /d)eff  effective  length-to-dimeter  ratio of reactor  tubes as 
define& by equation (C8) (appendix C )  

M mass flow ~f air, slu@;a/sec 

P t o t a l  pressure, lb/sq f t  absolute 

AP t O t d " p R 8 ~  drop, lb/Sq ft 

P s t a t i c  p ~ s s u r e ,  lb/sq Ft absolute 

Q heat transferred, Bta/seo 

a, reactor energy  output, Btu/seo 

R gas constant for air, 53.35 ft-lb/(lb) (OF) 

S insfde tube surface area, sq f't 

S inside tube  surface area per unit length, sq f t / f t  

T total temperature, OR 

Tw man effective temperature of reactor passage walls, aR 
t s t a t i c  temperature, OR 

tsh 
reactor shielding thickness, ft 

Jet  velocity, f t /seo vJ 
VO fl ight velocity,  ft/sec 

v velocity of air, fi/eeo 
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m 
(D 
N 
rl 

P 

43 

p r  

PW 

weight of engine  excluding  reactor and shielding 
weights, lb 

gross weight of afrplene, Ib 

weight of reactor, l b  

weight of reactor  shielding, lb 

st ructural  weight of airplane, l b  (assumed t o  be 0.4 wg) 
air flow per uni t  engine frontal area at any aonditions, 

W ( f 4  ft;) 

air  flow per uni t  engine frontal  area at standard 
oonditicms (pressure 2116.4 lb/sq f't and temperature 
518' R), lb/(aec) (eq ft) (value of 25 used) 

value of 1.392 used) 
r a t i o  of specific heats of air i n  compressor (average 

r a t i o  of specific  heate of air i n  turbine (average value 
of 1.350 used) 

diffuser pressure-rise  recovery  factor (ass~mea to be 0.90) 

intercooler  effectiveness (assumed t o  be 0.~0) 

cmpressor a a - a t a g e  efficiency (assumed t o  be 0.88 ) 

adiabatic turbine efficiency (aasmed t o  be 0.90) 

viscosity of air in reactor tubes evaluated at tube-wall 
temperature, Ib/ft-sec 

density of a i r ,  Ib/cu f% 

density of a i r  i n  tube8  evaluated at average air 
t e m p e r a t u r e ,  I~/CU ft 

density of reactor materid, lb/cu f t  

density of air i n  reactor tubes  evaluated at tube-wall 
temperature, I ~ / C U  f t  
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PO density of ambient air ,  lb/ou f% 

& b 8 C r i f l E  X 

0 a b i e n t  conditions at any a l t i k d e  

1 compressor i n l e t  

2 intercooler   inlet  

3 intercooler  outlet 

4 compreseor uut le t   ( reactor   inlet )  

5 reactor-tube inlet 

6 reactor-tube  outlet 

7 turbine inlet (reactor  outlet)  
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APPENDIX B 

co m 

rl 
Lu 

From the momentum equation, the net thrust per slug per 
second of a i r   i e  

-r where  f /a is the fuel-air r a t i o  8123 is equal t o  zero for th is  
system. Only enough turbine power is removed to drive the  
oompressor, so that 

I 

The ambient temper8tul .e  and pressure to and po were obtained 
frcaa the NACA e t a M  atnzOephere tables (reference 4).  
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The :arpression power per uni t  mass flow of air hpc/M is 
the aum of the campression g m r  of the two compressors, %he one 
before and the  one after the ineercooler;  thus, 

r 

Theref ore 

It was assumed that  the intercooling  takes  place halftray 
through the compression process so that 

1 

Then from the  definition of coding effeotivenese, 

and from the  definit ion of small-stage efficiency and the assumed 
division of ocanpressor work 

Yc -1 
27c% 
- 

(B9) 

r 
L 
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Substituting  equatfons (B7) and (B10) i n  equation (B6) gives 

With the &ssunption that the square of the  velocity a t  the 
diffuser  outlet  is much l e a s  than Vo2, the  temperature r a t i o  

Y Tl/tO is 
E 

The compressor pawer per unit m&ss flow of air  is thue a function 
of the  a l t i tude,   f l ight  speed, campreseor pressure ra t io ,  com- 
pressor  efficiency, and the intercooler  effectiveneas. The total- 

diffuser  pressure-rise recove- factor; thus, 
- pressure r a t i o  P1/p0 was obtained frm the defini t ion of the 

 he total temperature at the reactor inlet is 

Equation (B8) may be rearranged t o  give the  temperature drop of the 
working a i r  i n  the intercooler. Thus, 

Also from equation (B9) 
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Theref ore, r 1 

The temperature r i s e  across the second ocaapreseor is 

Substituting the value of Tg from equation (BIO) in equation (B18) 
gives 

i i 

rc -1 7 3  

270% 270% 
- 

T433 = TI (I-%) r8) + C] FZ) - 1 (B19) 

- 

Suketikuting equation (B16), (B17), and (B19) i n  equation (B14) 
and dividing by TI give 

7;l 70 -1 

*4 - = 1 + [r$) 2r,rlc - 1 ~ l - C i ) ~ f )  2r,?o + (B20) 

. " "  

The temperature rat io   across  the compressor is thus a function of 
campressor preseure ratio,  ompressor efficienoy, anB lnteroooler 
ef'fectivenees. 

The tempemture r a t i o  T&, whioh qqears in  equation- (B4) 
ie then the product of Tl/to from equation (Bl2) and T4/T1 fram 
equation (B20). The prerrsure ratio P4/po i n  equation (B4) is the 
proanat of the o v e r 4  o m p a s o r  pressure r a t i o  P& a d  ~ 1 / p o  
from eguation (B13). 

The jet velocity,  aa  given by equation (B4), and hence the 
thrust per uni t  m&8s flow, ie thm seen to be a function only of 
the total-temperature ratlo T ~ / T ~  tota-pressure  ratio P ~ / P ~  
aoross the reactor   for  a specified  f l ight speed, alt i tude,  oompreseor 
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Airplane and E n g i n e  Performance 

27 

The thrust  per wit reactor frontal area is the product of the 
thrust  per unit mass flow frm equation (Bl) and the mass flow per 
unit  reaator frontal area,  thus 

The frontal  area of the parer-plant nacelle was asswned to be 
equal to t he  englne frontal area, which was determined fromthe 
ompressor air handling  capacity, &B described i n  appendix D. In 
view of the  uncertainty of the actual installatian arrangement, it 
was further assumed that the reactor and the shielding o d d  be 
submerged i n  the engine moelle or  in the  airplane fuselage . The 
drag of the mceUe per unit  reactor frontal area is therefore 

For a given flight speed and altitude, the drag per unit reaotor 
area is thus a function only of the mass flow per unit reaotm 
frontal area and a cormtant mass flow per unit  engine frontal 
area. 

The engine and reactor weight6 per unit   reactor frontal 
area are 

. 

The engine  weight per unit mass flaw of air W,/M was assumed 
to be a func%ion only of flight conditions and Cmpressor preesure 
ra t io ,  as described in  appendix D. 
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The Q~OSE weight of 
is given by the equation 

the airplane per unit  reactor frontal area 

and the dispoeable load per unit  reactor frontal area by 

'g 'st we wr 'sh -=""""- 
A T A T A T  % ? A , &  

The airplane structure weight was aaeumed t o  be equal to 40 peroent 
of the grose weight. The r a t i o  of diEpEebbh load t o  gross weight 
is then 
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RATIO ACROSS =ACTOR 

Temperature Ratio acroee Reactor 

In   the  development of the charts of reference 3, which give 
the pressure drop in a tube for the case of heat being added at a 
oanstant  tube"l  temperature, the pressure drop is s h m  t o  be 
a Aznction of an effective  length-todiameter r a t i o  of the  tubes, 
which is defined by equation (C8) in t h i s  appendix. It is sham 
here that the  ra t io  of the total temperature at the reactor  outlet 
to the tatd temperature at the reactor in le t  l e  a Rrnction of 
this same effective  length-to-diaaaeter  ratio for a specified  tube- 
wall and reactor-inlet t e m p e r a t u r e .  For most of the  calculations, 
the turbine-inlet  temperature T7 was speoified and used to cal- 
culate a vdue  of (Z/d),ff that ie then  used t o  capu te  the 
reaotor pressure llrop. 

The heat transferred frm the tube t o  the ab? in  the 
incremental length dx is 

or 

where  T is the t o t a l  temperature of the sir in the tube. Inte- 
grating equation (C3) f'rom the tube inlet (station 5) t o  the tube 
outlet   (station 6 )  fo r  a oanstant t u b e 4 1  t e m p e r a t u r e  with t h e  
aasumtion of constant  average  valuee for the  heat-transfer ooef - 
f ic ien t  and specific heat gives 
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c 
R: 

mbetituting  the  total  tube eurfaue area S for s2, Tq for T5, 
and T7 f o r  T6 and rearranging give 

8 

The modified X u m e l t  equation for heat t r amfe r  at high tube -wall 
temperatures, &B given in reference 5, is 

With the u8e of the continuity  equation, the relation between 
the tube flaw area and tube a d a c e  area, and the value of h f m  
equatfon ( C 6 ) ,  the exponent of e i n  equation (C5)  beccm?s 

( c 7  1 
For convenience, l e t  
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An average  value f o r  the Prandt l  nuzliber evaluated at the 
tube-wall t e m p e n x t x r e  of 0.752 w88 assumed. Combining equatione 
(C7) and (C8) and substituting t h i s  value of Prandtl  number give 

3 

Q%,b 
hS = 0.00568 

-an equations (CS) and (CIO), 

TIE tot&-temperature ra t io   acmes the reactor ‘c7/T4 is thus a 
function of the  tube-wall temperature, the air temperature at the 
reactor  inlet, and the effective reactor paseage length-todiameter 
r a t i o  a8 defined by equation (C8) . 

- Pressure Ratio across Reactor 

An accumte  determination of the pressure chnges of a corn- 

flow Mach nunibers and high rates of heating requires a n m r i c a l  
i n t e r n t i o n  f o r  each specific set of conditione. In reference 3 
charts are presented that enable the determination, wfthazt 
individual  integration, of the pressure drop of a ccanpres~lible 
f lu id  fluwing through heatexchanger gaseages. These cbarts 
account f o r  the  effect on the heat-exohanger flow process of 
high temperature differentials between the passage wall and the 
fluid, which was experimentally  investigated in. reference 5. 
The charts are set up f o r  heat transfer frcan a passage wall at 
constant  temperature  throughout its length   to  air (constant 
r a t io  of specific  heats) flowing in  turbulent motion and yield 
a solution  for the pressure drop when the t u b e d  t e m p e r a t u r e ,  
the  mass flaw of air per uni t  flow area, the effective  length-to- 
diameter ratio  (see  equation (C8)), and the  total temperature and 
pressure at the tube inlet are specified. That  portion of the 
reactor  pressure drop f’rm stat ion 5 t o  statim 6 was detemined 
fr~n these oharts. 

* p s s i b l e  fluid flaring thKxzgh heatexchanger pa66€$geE 8% high 

The vaziation of the pressure r a t i o  acro~e   the   reac tor  Pg/P6 
- with mass flow per unit  reactor frontal area M/& ie shown in 
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figure 16 for variaus compressor pressure ra t ios  P,#I aa WCU- 

lated From the clr%rtis  of referenoe 3. Figures 16(a) t o  16(e) are 
f o r  the five  different combinatians of altitude,  tube-wall temper- 
ature, turbine-inlet t e m p e r a t u m ,  and reactor free-fluw-area r a t i o  
fo r  which.perf'omnance calculations were made. 

For a conatant compressor p w m u r e  ra t io ,  increasing the mas8 
flow per unit reaotor frontal area increase8 the total-pressure 
r a t fo  ( that  ie ,  the total-pressure drop) across the  -actor. 
InaErmuoh ae the  free-flow-area ratio is  constant,  an  inorease i n  
m a s  flow per unit frontal area is equivalent to  an  increaee in 
mass flow per uni t  flow area or  tube area. The slope of these 
curpea approaches in f in i ty  as the mass flow is illcrea~ed, indicating 
that the choke condition or  the c r i t f ca l  pressure r a t i o  is being 
a-pproaohed at the upper end of the ourves. For a cons%ant 1na88 
flow per unit   reactor  frontal  area, decreaeing  the ompressor pres- 
sure ratio  increases the t o w  pressure ratio  across the reactor; 
or, fo r  a constant pressure r a t i o  acrwa the reactor, increasing 
the compressor pressure r a t i o  dLlowe an increase in  the mass flaw 
of air  per unit   reactor frontal area. 

Although no specif'io plan f o r  passing the air in and out of 
the end shielding is recommended herein, pressure &ope for these 
portions of the system of approximately p$ were assumed as 
follcYws : z- 

.. 

. 

n I- 

o 
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E E m  FROKt'AL AREA AWD WEIGEC 

The air flow per unit  of engine (compressor) frontal area 
was assumed t o  be 2 5  pounds per second per square foot at sea- 
level  static  conditions,  which is approximately t h e  highest 
air handling  capacity of current  turboget engines. This air 
flow per unit  compressor frontal area was then  varied  with 
conpressor-inlet  temperature and pressure T1 and P1 as 
f o l l a r s  : 

Substituting a base a i r  flow per unit  frontal area (W/Ae), of 
25 pounds per second per s q u e  foot  gives, f'rcgn equation ( D l ) ,  

W 0.269 P1 
q =  K 

The engine  weights were calculated  according t o  a method that 
as8umes the engfne  weight to be a function of the campressor pres- 
sure ra t io ,  al t i tude,  and fl ight speed. The basic components of 
the  turbodet engine for which weights were separately  calculated 
are the cormpressor, the  turbine, and the shafting. The cmpressor 
for this analysis is considered to be of the axid-flow tspe and 
is divided into two pmts: the rotor  consisting of the sum of the 
campressor disks  with  their  rims and blades, and tbe shell with 
its stators. The turbine  rotor and shell are d s o  separately 
calculated. The compressor is considered t o  be.designed on the 
basis of a constant axial Mach number and a constant  Repold's 
number tkoughout  the compressor. The specific engine  weights 
(lb of engine / l b  of working air/sec) , as d c u l a t e d  herein, are 
independent of the engine s i z e .  

The weight of the  intercooler was estimated  using the charts 
of reference 6. A r a t i o  of cooling-air  presmre drop t o  cmpres- 
sible m c  pres8ure of 0.20, an engine-air pressure drop of 
1 inah of mercury, a r a t io  of cooling air to en@;ine a i r  of 2.0, 
and a cooling  effectiveness of,O.50 were  assumed.  Average values 
were used for the cooling-air  side and engine-air sfde pressures, 
temperatures, and temperature rises. The effect  of the  engine-air 

33 
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sfde pressure drop on the thrust  of the syetem waa neglected and 
the intercooler wae assumed t o  have l i t t l e  or  no inkrnal drag 
power. The intercooler weight, 813 estimated from reference 6 
including a 40-percent  J-ncreaee t o  allow for!.pcers,.headere, 
and other  structural  parts, w&s 10 paunde per pound per second of 
air flow. 

The following table l ists  the engine weights (including the 
intercooler weight) per pound per eecond of a i r  used in th i s  analysis: 

Altitude Compreseor 
pre s sure 

r a t i o  

30,000 
20 
10 

40 
30 

50 

50,000 10 
20 
30 
40 
50 

The reactor. which conatitu;t;ed 

88 
12 0 
146 
167 
188 

only a small portion (1 t o  

1. Humble# Leroy V., and Doyle, Ronald €3. : Gal”t,ed Condenser 
Perf ommce f o r  a Steam43mbin.e Power Plank’ f o r  A i r c r a f t  . 
’NACA EM E7J01, 1947. 

2. Pinkel, Benjamfn, md Harp, Irving M. : A ThermdWEd-c  StuQ 
of the Turbojet Engine. NACA Rep. 891, 1947. 

3. Valerino, Michael F.: Generalized C W e  for Determination of 
Pressure Drop of a HighSpeed C m p s s f b l e  Fluid i n  Heat- 
E x c h w r  Passages. I - A i r  Heated in  Smooth Paasages of 
Canstant Area with  Constant W a l l  Tempera-. RACA R4 E8C23, 
1948 . 
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. 4. Diehl, W a l t e r  S . : Standard Atmosphere - Tables and Data. 
IUCA Rep. 218, 1925. 

5. Lowdelmilk, Warren H., and Grele, M a t o n  D . : Heat Tmnsfer 
fram Highqemperature  Surfaces t o  Fluids. II - Correlation 
of Heat4ransfer and mict ion  Data for A i r  Flowing in Inoonel 
Tube with Rounded Entrance. mAcA IIM E8L03, 1949. 
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Figure 2. - Variation of thrust per unit reaotor frontal area F/Ar with effective length- 

to-diameter  ratio (L/d)eff f o r  various mass flowa per  unit  reactor frontal area Y/Ap 
Plight Mach number, 0.9; altitude, W,OOO feet; tube-nall temperature, 2500° B; compressor 
pressure  ratlo, 40; reactor free-flor-area ratio, 0.50, w 
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Figure 3. - Variation of thrust per  unit   reactor  frontal   area F/Ar 
with mass flow per unit   reactor  frontal   area M/Ar for  various 
compressor  pressure ra t ios  P4/P1. Fl ight  Maoh number, 0.8; 
a l t i t u d e ,  30,000 feet;  tube-wall  temperature, 2500° R ;  turbine- 
i n l e t  temperature, 2000° R; reactor  free-flow-area  ratio,  0.60. 
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(ft) tempera- temperature 

ture (OR 1 
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Figure 4. - Variation of thrust per unit reactor frontal area F/Ar 

with compressor pressure-ratio P4/P1. Mass flow per unit reactor 

flight Mach number, 0.9. 
I frontal area for maximum thruat  per unlt reactor frontal area; 
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a 6 
(sq ft) 

6 

Figure 5. - Varlatfon of thrust  and  net thrust per  unit engine frontal 
area F/Ae and (F-q.l& with mass flow per unit reactor frontal 
area M/Ar for various  oompreasor  pressure ratios P4/P1. Flight 
Maoh number, 0.9; altitude, 30,000 feet; tube-wall  temperature, 
2500° R3 turbine-inlet  temperature, 2000° R; reactor  free-flow-area 
rat  lo, 0.60. 
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Altitude  Tube-wall  Turbine-inlet 
(it ) tempera-  temperature 

ture (OR 1 

30,000 2500 2000 
30,000 2500 2000 
30,000 2000 1700 
30,000 2000 1700 
50,000 2500 2000 
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Figure 7. - Variation of net thrust per unit  of engine plus reactor 
plus ahielding  weight (F-b)/(Yiletwr+Wsh) with maas flow per unit 
reactor frontal  area M/Ar f o r  various colnpreaaor pressure ratios 
P 4 / P 1  and shielding weights per unit reactor  frontal  area Wah/Ar. 
F l i g h t  Mach number, 0.9; a l t i tude ,  30,000 feet'  tube-wall tempera- 
t u r e ,  2500° R; turbine-inlet temperature, 2000* R: reaotor free- 
flow-area ratio, 0.50; reactor  length, 2 feet. 
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P d P l  
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(b) Altitude, 30,000 feet;  tube-wall temperature, 2500° R; 
turbine-inlet temperature, 200O0 R; reactor free- 
flow-area  ratio, 0.33. 

Figure 8. - Variation of net  thrust per unit of engine plus  reactor 
plus ehielding weight (F-%)/(W,+Wp+W,h) with compressor pressure 
ratio P d P 1  for various shielding weights per unit reaotor 
frontal area W d b .  Mas8 flow per unit reactor  frontal area 
f o r  maximum apecFfic weight; flight Maoh number, 0.9 ; reactor 
length, 2 feet.  
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( e )  Altitude, 50,000 feet; tube-wall temperature, 2500° R; 
turbine-inlet temperature, 200O0 R; reactor iree- 
Plow-area ratio, 0.50. 

Figure 8. - Concluded. Variation of net thrust per unit of engiae 
plus  reactor plus shielding weight (F-q)/(We+Wr+Wsh) with O m -  
pressor pressure ratio P d P 1  f o r  various shielding weights per 
unit reactor frontal area VlSh/%.  sa flow per unit reactor 
frontal area f o r  m a x i m u m  apecuic weight; P l i g h t  Mach  number, 
O o 9 ;  reactor lerigth, 2 feet. ,- 



tsh, ft ' 

Figure 9, - Variation of shielded reactor weight per unit reactor frontal a r e a  
Wsh/Ar with shielding thiCkne88 kb reaotor diameter d,, and reactor length a. 
Specific gravity or shielding material, 6.0. 
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Figure 10. - Variation of ratio of disposable  load to airplane 
gross weight Wdhg with mass flow per unit reactor frontal 
area M/Ap for various compressor pressure ratios P4/Pl, 
reactor _diameters dp, and reactor lengths 2. Flight Mach 
number, 0.9; altitude, 30,000 feet;  tube-wall temperature, 
2500° R; turbine-Inlet temperature, 2000° R; reaotor free-flow- 
area ratlo, 0.50; shielding thickness, 2 feet;  specific  gravity 
of shielding, 6.0; lift-drag  ratio, 18; airplane  structural 
weight, 0.4 airplane groas weight, 
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0 1 
M/Ar,  slugs/(sec) (sq ft) 

Figure 11. - Variation of airplane ross  weight Wg wfth mass flow 
per unit reaator  frontal area M/& for various  compressor pres- 
sure ratfos Pq/P1 and  reaotor  diameters dr. Flight Mach 
number, 0.9; altitude, 30,000 feet; tube-wall  temperature, 2500'R; 
turbine-inlet  temperature, 2000° R; reaotor  free-flow-area  ratio, 
0.50; reactor length,  2 feet;  shieldfng  thickness, 2 feet; spec- 
i f i c  gravity of shielding, 6.0; lift-drag ratio, 18; airplane 
structural  weight, 0.4 airplane gross weight. 
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wg, l b  
(a) Altitude, 80,oOO feet;  tube-wall  temperatme, E5000 R ;  turbine-Wet taol- 

pmature, 20000 R; aeaotor free-flow-area  ratio, 0.50. 

Figure la. - Variation ot ratio of disposable load t o  airplane ~ o s s  rei@ W d / k g  with 
airplane grosa weight W, for variou reaotor diameters dr m d  ahlelding thicknesaes 
tsh. Maass flow per unit reaotor  frontal area and cmpresaor pressure ratio f o r  maximusl 
ratio of diBpD8able lorrd t o  airplane p o n s  u e i a t ;  flight Maoh number, 0.B; reaotor 
length, E feet;  specif la  gravity of shielding, 8.0; llft-drag  ratio, Is; airplane 
structural  wei&t. 0.4 airplane grasa relght. 
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(b)  Altitude, 30,oOO feet;  tube-wall teaperatme, 260O0 R; turbine-inlet t w r a -  

ture, 9000° R; relator free-flow-nrer ratio, 0.35. 
Figure 12. - Continued. Variation of ratio of disposable load to airg1EOI.Y gross 

welght Wd/W with airplane grose mlght Vig for various Mactor  difmetsra 4. and 
ah~eldlng th fakmaasa  tA- rams flow per vnlt lgaotor rrontal m a  and compressor 

Mach nhber, 0.9; reactor  length, 2 f ee t ;  e p e o l f i o  grav i ty  of ahia ld ing .  6.0; llft- 
pressure ratio for maxidmrm ratio of disposable load to  airplane p o n s  weight; flight 

drag ratio, . l8;   airplum structural.  might. 0.4 airplnrre grosa rclght. 
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(a) Altitude, 30,000 feet;  tube-wall temperature, 20W0 R: turblne-inlet tanpWltrtre, 

17000 R; reactor fice-f1-m ratio, 0.99. 

w i t h  airplme groes weieplt wg for various reactor  &metera s h i p &  

for mxhum ratio of disposable load to  alrplane ~ O E E  weight; fligt Yroh number, 0.9; 
thiolmeraea  t.h. U s  flrn per unit raaotw rrmtal area and cmpressor pressure r a t l o  

reactor  langth, 2 feet:  speciflo  gravity of ahlelding, 6.0: lift-drag  ratio, ls; airplane 
s troctwal  weight, 0.4 airplane gross wight. 

Flgure 32. - Cmtinued. Variatim of ratio of dispoaablc load to  airplane moss we 
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(0 )  Altitude, 60,000 fee t ;  tube-wall  temperature, ZSOOO R; turbine-Inlet tw- 

p r a t u r e ,  POW0 R; reactor  frce-flaF-area  ratio, 0.50. 

Plgure E. - Continued. Variation of r a t i o  of disposable load t o  aFrplane p o n s  wei&t Wag vlth  a i rplane gross w e w t  WE rm various reaotor dimmetera d, and shield- 
Ing thiaknesses t&. Maas rlw per unit reaotor  frontal   area and oo(qpreaaor wassure 
r a t i o  for madmum r a t i o  of disposable  load  to airplane MS weight; f l i g h t  Maah 
nrmber, 0.9; reaotor  length, 2 f e e t i  apeoi f ic  gravity  orshielding, 6.0; lift-drag 
rat io ,  18; airplane ntruotural weight, 0.4 airplane gross rsight. 
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( f )  Altitude, 70,000 feet;  tube-wall tcmperrture, R; turbine-inlet tmpera- 
tme, eo00 R; resetor  f iee-flm-are~  ratio,  0.60. 
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K&lg w i t h  airplane peas weight Ws for various rsmtor diameter8 Ca, and &I% XI 
lng th icheaaea tsh. IIilee flow per unit rsaotoa frontal area and ocngressor preeawe 

I 

rat io  for mudmum ratio of disposable load t o  airplane p o a a  weight; flighti Mach 
number, 0.9; rsaotor  length, 2 feet ;  apaoVio gravity of shieldlug, 6.0; lift-drpg 

u1 

ratio, L8; a h p l a n s  struotural weight, 0.4 nirplrne gross weight. 
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( e )  Altitude,  50,000 feet; tube-wall  temperature, 250O0 R; 
turbine-inlet   temperature,  2000° R ;  r eac to r  free-flor- 
a r e a   r a t i o ,  0.50. 

Figure 13. - Concluded. Variation of ompressor p r e s s u r e   r a t i o  
Pq/P1 for m a x i m u m  r a t i o  of d i sposable   load   to   a i rp lane  gross 
weight W&g with shielding  thickness  t a h  for various r e a c t o r  
diameters dr. Mass f l o w  per   un i t   r eac to r   f ron ta l   a r ea  for  maximum 
r a t i o  of disposable   load  to   a i rplane  gross   weight)  flight Mach 
number, 0.9; reac tor   l ength  2 feet;  s p e c i f i c   g r a v i t y  of sh i e ld -  
ing, 6.0; l i f t - d r a g   r a t i o ,  i8; airplane  s t ructural   weight ,  0.4 
a i rp l ane  gross weight. 
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(d)  Altitude, 30,000 feet ;  tube-wall temperature, 2000° R; 
turbine-inlet temperature, 170O0 R;  reactor free-flow- 
area  ratio, 0.33. 

Figure 14. - Continued. Variation of reaotor output Q w l t h  
shielding  thickneas  t& f o r  rarioua reactor diameters +.. Mass 
flow per unit  reactor  frontal area and coarpressor pressure ratio 

f l i g h t  Mach  number, 0.8; reactor len th, 2 feet;  specifio  gravity 
for maximum ratio af dlaposable  load t o  alrplane gross welghtj 

weight, 0.4 airplane grosa  weight. 
of ahlelding, 6.0; lift-drag  ratio, f8; airplane  struatural 
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( e )  Altltudc, 60 000 f ee t ;  tube-wall temperature, 250O0 R ;  

area ratio, 0.50. 
turbbe-iniet temperature, 2000° R; reactor free-flow 

Figure 14. - Coacluded. Variation of reactor  output Qr with 
shLeldlng thickness tsh f o r  various beactor diameters d,. H ~ S S  
f l o w  per unit reactor f r o n t a l  area and compressor pressure patio 

f l i g h t  Yach  number, 0.9; reactor length, 2 f ee t ;  spacLfic gravity 
for maximum rat io  of disposable load to airplane gross w e l a t ;  

of shialdlng, 6.0; l ift-drag  ratio,  18; airplane  structural 
aelght, 0.4 airplane g r o s s  weight. 
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Figure 16. - Vniatlon of auxiaua allowable  ohlelding thlokness w i t h  alrplane gross 

weight Ig for w l o u s  reactor diameters dp and airplane (vlthout naoelles) lift- 
drag ratios L/D. Masr flow per anlt  reaator  frontal area and oanpressor pressure 
r a t i o  ror  maxlmum allowable shielding thiokacss; flight Maah number, 0.0; altltnde, 
S0,OOO fsetl tube-mall  temperature, 25ooo R; turbine-inlet  temperature, BOOOo E; 
reaoton free-flawarea ratio, 0.80:reaator length, Z feet; speoitia gparity of 

load, aO,& pounds. 
shielding 6.0: airplane strnotural might, 0.4 airplane gross relght;  diSposable 
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(a) Altitude, 30, OOO feet; tube-wall temperature,  2500° R; 
turbine-inlet temperature, 2000° R; reaotor free- 
flow-area  ratio, 0.50. 

P A  /P, 
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WA,, ~ i u g s / b e o )  (sq ft)  

(b)  Altitude, 30,000 feet; tube-wall temperature, 
2500O R; turbine-inlet temperature, 200O0 R; 
reactor  free-flow-area  ratio, 0.33. 

Figure 16. - Variation of total-pressure  ratio  across  reactor 
P ~ / P G  with mass flow per unit reactor  fruntal area M / A ~  for 
various compresaor pressure ratios Pq/P1. Flight Mach number, 0.9. 
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M/&, slugs/(sec) (sq f t )  

(a) Altitxde, 30,000 f ee t ;  tube-wall temperature, 
20000 R; turbine-inlet temperature, 1700° R; 
reactor free-flm-area ratio, 0.33. 

Figure 16. - Continued. Variation of total-pressure rat io  acroas 
reactor P5/Pg with  mass flow per unit reactor  frontal  area M/Ar 
for various compressor pressure ratios Pq/Pl. Flight Mach 
number, 0.9. ' 
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1.2 

1.1 

M/&, slugs/(sec) (sq ft) 
(e )  Altitude,  50,000 f ee t ;  tube-wall temperature, 

reactor free-flow-area r a t io ,  0.50. 
25000 R; turbine-inlet temperature, 2000° R; 

. reactor P5/P6 with mass f l o w  per unit reactor f rontal  area M / A ~  Figure 16. - Concluded. Variation of total-pressure ratio acroas 

for various compressor pressure ratios Pq/P1. Flight Macb 
number, 0.9, 

NACA - Langley Fleld, Vn. 
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